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THE SIGNIFICANCE OF ORGANIC COMPLEXING IN THE MOBILITY
OF IRON IN THE KL LANDFILL LEACHATE PLUME
KALAMAZOO, MICHIGAN

James D. Rudder, Jr., M.S.
Western Michigan University, 1988

High iron concentrations in the leachate plume of the
KL Landfill in Kalamazoo County, Michigan, persist in the
presence of detectable hydrogen-sulfide.

Under these

conditions iron-sulfide minerals are highly oversaturated
and should be precipitating.

Calculations performed by

the chemical equilibrium model WATEQF indicate over
saturation of selected iron-oxides, siderite, and ironsulfides.

Semilog plots of iron concentration versus

time of exposure to air demonstrate retarded precipita
tion of ferric hydroxide, and analytical techniques of
ion chromatography, Fourier transform IR spectrophotome
try (F T I R ) , and UV-Visible spectrophotometry have yielded
results which indicate that organic complexing of ferrous
iron plays a significant role in the mobility of iron
detected in the KL Landfill leachate plume.
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INTRODUCTION

Statement of the Problem

The question this study addresses is why dissolved
iron concentrations proximal to the KL Landfill are so
high.

Data calculations performed by W A T E Q F , a computer

program for calculating chemical equilibrium (Plummer,
Jones, and Truesdell,

1976), on analyses of groundwater

samples collected from a monitoring well on the edge of
the landfill, Test Well 4 (TW4), indicate the oversatura
tion of many iron mineral phases, yet the high concentra
tions persist.

Iron values drop dramatically within 1,000

yards downgradient from TW4, as seen in all data collected
to date.

Monitoring wells M4 and M8 are lo-cated 500 and

950 feet west of T W 4 , the most impacted well on the site
(Figure 1), and whereas TW4 samples demonstrate an average
iron concentration of 45.0 mg/L, M4 and M8 samples have
concentrations measured at 2.99 and 2.07 mg/L respect
ively.
Previous research indicates the potential in ground
water systems for the formation of organic and possibly
inorganic iron complexes.

These complexes are compounds

in which ferrous or ferric iron is coordinate covalently
bonded to negatively charged organic ligands.

If this

bonding results in the production of a ring structure,
1
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then the appropriate term for this structure is chelate.
The KL Landfill leachate has high total organic carbon
(TOC) and determination of any possible organic ligands
available for organic complexing within the leachate
requires use of chemical separation and analytical tech
niques.

The isolation and determination of organic anions

of significant concentrations and iron-complex stability
ma y account for the persistence of iron in leachate under
nonequilibrium conditions, and may result in broader
understanding of metal mobility in some land-fill leach
ates.

Literature Review

Many authors have investigated coordination com
plexes, some emphasizing mathematical and theoretical
principles, whereas others have emphasized practical
applications.

The theoretical approaches involve con

siderations of metal-metal, metal-ligand, and ligandligand multi-interactions which can be considered as zero,
first, second, third, and even higher order interactions..
Morel, McDuff, and Morgan (1973) examined these complex
interactions in the laboratory, defining multiple order
interactions as follows:
A zeroeth order interaction is the effect of
changing the total concentration of a con
stituent on the free concentration of this same
constituent; the first order is the effect that
changing the free concentration of a metal has
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on the free concentration of a ligand or vice
versa. Higher orders of interactions are
obtained by reverberation of a series of first
order effects through the system of metals and
ligands (pp. 159-161).
They go on to further define these, orders of interaction
and progress through experimental procedures demonstrat
ing these interactions.

The results indicate that in

natural waters the conditions are such that interdepen
dent reactions exist and can promote unexpected responses
in the dissolution and precipitation of compounds, and
thus influence the ionic strength of the solution.
Coordination complexes are interesting in that as
they occur in association with living organisms, an e x 
ample being chlorophyll, they also occur in natural
waters.

It is often noted in the literature that humic

and fulvic acids, soil acids differentiated by their
solubility in hydrochloric acid, form strong complexes
with metals.

Though no one has isolated one specific

humic or fulvic acid due to their complexity and varia
bility, several researchers have produced an ideal humic
acid structure from probable atomic bonding and function
al groups.

These organic acids have their sources in

soil organic matter and decaying wood and are also dis
solved from living plant tissues.

Anthropogenic addi

tions to organic acid concentrations naturally present in
the environment are common in areas surrounding dumps and
landfills.

Although multitudes of natural organic com
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pounds exist, the most stable metal complexes form with
those compounds containing carboxylic acid and phenolic
hydroxyl functional groups.
Schnitzer (1968) worked with fulvic acid and its
interactions with inorganic soil constituents, especially
those with divalent metal cations.

Selectively blocking

in turn the alcoholic O H - , phenolic O H - , and carboxyl
groups found to be present at two different pH values, he
calculated the stability constants for nine divalent
metal cations, including Cu, Pb, Fe, Ni, Mn, Co, Ca, Zn,
and Mg.

Schnitzer found that the order of stability for

these specific metal complexes varied with pH, the re
sults generally indicating that the strongest fulvic acid
complexes are formed with ferric iron and the trivalent
aluminum ion.

During the experimentation process,

Schnitzer delineated two types of fulvic acid-metal reac
tions, the major reaction involving simultaneous reaction
of carboxyl groups and phenolic hydroxyl groups, with the
minor one "in which only less acidic COOH groups partici
pated"

(p. 77).

Gamble and Schnitzer (1973), in their work with
fulvic acid compounds, considered them to be "tannin,
lignin, tannin-like, lignin-like compounds, or hydroxylated aromatic compounds" (p. 265).

The fact that these

organic substances, humic polyelectrolytes, are nega
tively charged in normal groundwater and surface water
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conditions produces their metal complexing capability.
Gamble and Schnitzer published a table of identified
compounds associated with these natural organics, the
majority of which they found to be esters of various
combinations of aromatic rings.

These rings were found

to have several possible carboxylic acid group arrange
ments in addition to various methoxy group combinations.
Utilizing extractive procedures in conjunction with gas
chromatography, mass spectrometry, and. microinfrared
spectrophotometry, Gamble and Schnitzer quantified the
humic polyelectrolytes they were working with as being
1.5% monocarboxylic acids, 3.0% oxalic acid, and 1.7%
benzocarboxlyic acids.
Himes and Barber (1957) concluded that carboxyl
groups by themselves do not act as independent complexing
sites, arriving at this conclusion after finding that by
blocking groups other than carboxyls, retention of Zn^+
concentrations in complexes was reduced by the same m ag
nitude as produced by reductions which resulted from the
blocking of carboxyl groups only.

Using a similar tech

nique, Schnitzer and Skinner (1966), while working with
Cu2+ , Fe2+
1.

t

and A l 3 + , observed the following effects:

The largest reduction in metal ion retention by

fulvic acid occurred when carboxyl groups and phenolic
hydroxyl groups were both blocked.
2.

The second largest reduction effect was obtained
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when either the carboxyl or phenolic hydroxyl groups
alone was blocked.
3.

No reduction in metal retention was observed when

the alcoholic hydroxyl groups were blocked.
Sherbina (cited in Manskaya and Drozdova,

1968) noted

that coordination complexes often form as a result of
soil acid and weathered rock interactions, the complexes
so formed then being easily available for transportation
in solution.

Manskaya and Drozdova (1968) published a

plot of humus content of the soil versus content of trace
elements which demonstrates distinctively positive cor
relations for humus and many metals.
Kaurichev, Fedorov, and Shnabel (1960) separated
humic acid constituents and determined that those separa
ted fractions have a spectroscopic curve of identical
character which has peak absorption in the ultraviolet
range of the spectrum and minimum absorption in the 10001300 nanometer range.

One of their conclusions was that

humic acids "are not chemically distinct substances but
are substances which have common structural characteris
tics but are not completely identical with one another"
(p. 1053).
Akiyama (1973) published work which demonstrates that
coprecipitation of organic matter with iron hydroxides is
probable in natural water conditions, an especially valid
observation for amino acids.

Carrying out coprecipita
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tion experiments involving organic matter, ferrous, and
ferric iron, in reducing and oxidizing environments res
pectively, Akiyama found ferric hydroxide in solution in
measureable amounts even after general ferric hydroxide
precipitation, attributing the Fe( 0 H )3 remaining in sol
ution to.the presence of dissolved organics.

He observed

that in reduced natural waters ferrous iron hydroxide
precipitates some types of organic matter which act to
lock ferrous iron in the precipitated sediments.

Akiyama

concluded that the coprecipitation capacity for ferrous
hydroxide is greater than that of ferric hydroxide, d iv
iding organic matter into protein and carbohydrate frac
tions which tend to coprecipitate, and pigment and lipid
fractions which do not coprecipitate due their tendency
to form water-soluble iron-organic complexes.
Martin, Doig, and Pierce (1971) define humic acid as
the decomposition product of plant and mineral matter and
further describe the compound as having a core unit which
"is highly condensed, partially aromatic, and contains
structural moieties that are derived from lignin and
resorcinol phenols"

(p. 6).

They continue their descrip

tion, observing humic a c i d s ’ molecular weights to range
from 1,000 to 1 x 105 .

They indicate that the composi

tion of humic acid includes heterocyclic nitrogen and
carboxyl, quinoid, and carbonyl groups, in addition to
inorganic material which was thought to be complexed
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metal ions.

Martin, Doig, and Pierce combine organic

complexing with climatic and microbiological factors to
produce some assumptions on the phenomenon known as the
Red Tide.
Theis and Singer (1973, 1974) indicate that some
organic compounds which are products of natural vegeta
tive decay can slow the oxidation of ferrous iron for
many days under an oxygen partial pressure of 0.21 atmo
spheres.

Their results demonstrated that tannic acid

slows the oxidation of F e 2 + , thereby keeping it in solu
tion for a time measureable in minutes to hundreds of
hours, depending upon the pH of the solution and the con
centration of tannic acid.

They report that ferric iron

perchlorate was virtually instantaneously reduced to
ferrous iron and stabilized by tannic acid.

The stab

ilization was the result of the formation of an irontannic acid complex, where the experimental conditions
were p02 = 0 . 5

atm, temperature = 25°C, and pH = 6.3.

Theis and Singer (1973, 1974) noted that while tannic
acid, gallic acid, and pyrogallol inhibit ferrous iron
oxidation completely, other compounds act to slow the
oxidation process, and syringic acid and resorcinol
produce no observable effect upon oxidation rates.

Their

studies indicate that the rate of ferric-iron reduction
depends primarily upon the concentration of free Fe3 + ,
also indicating that at higher pH values hydroxide com-
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plexes with ferric iron kinetically resist reduction by
tannic acid.

They concluded that "the kinetic stability

of ferrous iron in oxygen-rich environments may be due
either to the formation of Fe2+ -organic complexes which
resist oxidation or to the reduction of the resultant
F e 3+ by the organic species"

(1971,p. 313).

Morgan and Stumm (1964) discuss the speciation of
iron hydroxides and note that membrane filtration is
insufficient for distinguishing between dissolved and
colloidal iron species, as in the colloidal phase Fe( O H )3
having a diameter of 100 angstroms can occur.

They also

note that the oxidation of ferrous iron in a bicarbonate
solution may be retarded significantly, depending upon
the pH of the solution.

Discussing iron-organic complex

es, Morgan and Stumm indicate that, depending upon the pH
and constituent concentrations, some organic compounds
that act to reduce ferric iron can also serve as cataly
sts to the oxidation process where the rate of reduction
of Fe^+ is slow relative to the rate of Fe%+ oxidation.
Baedecker and Apgar (1984), in their study of the
Army Creek Landfill located in Delaware, attempt a mass
balance approach for determining-the evolution of the
landfill leachate plume.

They attribute high iron values

to reduction of both iron oxide coatings found in the
aquifer material and the iron-bearing materials placed
into the landfill, additionally implying the mobilization
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of iron to be due to its ferrous state solubility in
reducing conditions.

No allusion to iron-organic com

plexing is made.
Knox and Jones (1979) found that both relatively low
molecular weight <<500) short-chain carboxylic acids and
larger (>10,000) molecular weight organic acids have been
found to complex cadmium in landfill leachate, with the
larger molecular weight fractions exhibiting much greater
resistance to biological degradation than do the shortchain carboxylic acids.

Pease and Adrian (1978) utilized

cation exchange resins to attempt determination of com
plex stability constants of leachate samples collected
from a sanitary landfill which had been in operation for
18 months.

Their determinations for log K of the average

stability constant for F e 2+ complexes was approximately
1.67.

Their conclusions were that "the stability con

stant of leachate complexes is too small to compete with
soils of adequate ion exchange capacity and would not
affect normal equilibrium distribution"

(p. 223).

One of

the major assumptions made by Pease and Achian was that
it was probable that the sum of the concentration of car
boxyl groups was essentially equal to the organic acid
concentration.

Their method of measurement, titration,

measures only the number of carboxyl groups contributed
by monocarboxylic acids.
Krom and Sholkovitz (1978) utilized ultrafiltration
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and UV oxidation methods to determine that most of the
iron present in the anoxic marine pore waters they stud
ied was organically bound, with 15-40% of the dissolved
iron being bound to humic acids representing less than 1%
of the total dissolved organic matter.

Giesy, Briese,

and Leversee (1978) determined that dissolved iron in
selected surface waters in Maine exhibited organic com
plexing phenomena, the iron tending to be more highly
concentrated in the two largest molecular weight organic
fractions identified.

These two groups of large molecu

lar weight compounds were those greater than 300,000, and
those greater than 10,000 and less than 300,000.
Barker, Tessman, Plotz, and Reinhard (1986) in deter
mining the organic geochemistry of a landfill leachate
plume found that in spite of the presence of organic lig
ands which had significant apparent complexing capacity,
little mobility of trace metals was found.

They assume

that precipitation and adsorption of the trace metals is
significant, that major ions successfully compete for any
complexing sites available in the solvated organic com
pounds, and that a near neutral pH keeps mobilization of
trace metals severely retarded.
Fritz

(1987) discusses the principles, types, and

applications of chromatography, also covering special
applications of inorganic and organic anion separations.
Horvath (1980-1983) has published an extensive work on
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applications of high performance liquid chromatography
(HPLC), with specific topics covering HPLC uses in
analysis of organo-metallic and inorganic complexes.
Snyder and Kirkland (1974) comprehensively explore HPLC
applications, techniques, and instrumentation.

Silver-

stein,Bassler, and Morrill (1974) ellucidate interpreta
tions of specific responses seen in FTIR spectra.
The works cited above suggest that organic compounds
containing both carboxylic acid functional groups and
phenolic hydroxyl groups have great potential for forming
very stable metal complexes.

Additionally indicated is

the relative weakness of organic complexes which are
formed with compounds containing only carboxyl groups,
and the inability of alcoholic hydroxyl groups to form
any significant metal complex.

For significant organic

complexes to form in leachate, where significance can be
thought of in terms of resistance to metal precipitation,
it can be concluded that one or both of the following are
required (the role of pH in organic complexing must be
emphasized):
1.

Some concentration must be present of a compound

composed of an hydroxylated aromatic structure containing
one or more carboxylic acid functional groups.
2.

High concentrations of compounds containing at

least one carboxylic acid functional group, preferably
more than one, are present, resulting in succesful com-
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petition against other mineral phases requiring the metal
in question.
By utilizing chemical analytical techniques, separa
tion and tentative identification of organic anions could
lead to identification of one or more organic ligands
which positively correlate with iron concentrations in
the KL Landfill leachate plume.

From information such as

this, a better understanding of leachate evolution
results.

Location

Kalamazoo County,

located in the southwestern portion

of the State of Michigan's lower peninsula lies approxi
mately 25 miles to the East of Lake Michigan, and has an
area of approximately 567 square miles.
landfill (KL Landfill)

The KL Avenue

is located in the northern half of

Section 21, T.2 S., R.12 W. of Oshtemo Township (Figure
2 ).

Climate

Kalamazoo County has an average winter temperature of
-2.7 degrees centigrade and an average summer temperature
of 21.9 degrees centigrade.

The average annual rainfall

recorded in the period 1947-1976 in Kalamazoo was
34.40 inches, 58% of which fell in April through Septem
ber.

The heaviest 24-hour rainfall on record is 5.2
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Figure 2.

Map Showing Location of Kalamazoo County, Oshtemo Township,
and the KL Landfill Site
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inches, which fell in May, 1914.

The average recorded

annual snowfall is 72 inches, and the recorded average
relative humidity ranged from 62% in mid-afternoon to 80%
at sunrise during the period 1947-1976
Soil Survey,

(Kalamazoo County

1979).

The climate of Kalamazoo County is influenced by a
"lake effect" which is produced by air currents moving
over the nearby Great Lakes, especially Lake Michigan.
These air currents absorb moisture from the lakes and
release this moisture as precipitation over the adjacent
landmasses.

Geology

Lying on the southwestern edge of the Michigan Struc
tural Basin, Kalamazoo County is underlain by glacial
deposits of the Wisconsinan stage, these sediments overlying Paleozoic bedrock which dips approximately 4
degrees to the northeast.

In Oshtemo Township the upper

most bedrock unit underlying the glacial sediments is the
Coldwater Formation, known locally as the Coldwater
Shale.

The Coldwater Formation is predominantly a marine

shale unit which includes some siltstone and limestone.
Due to the predominance of shale, the 1,000-feet thick
formation acts as an aguitard, severely restricting v e r 
tical flow of groundwater between the bed-rock and the
\

glacial sediments.
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Underlying the Coldwater Formation are the Ellsworth
and Antrim Shales, formations which function as seals for
hydrocarbon accumulations located in the underlying Tra
verse Limestone.

The Ellsworth and Antrim Shales,

like

the Coldwater Shale, function hydrogeologically as aquitards.
The bedrock surface beneath Oshtemo Township has a
maximum relief of more than 500 feet.

This bedrock topo

graphy is the result of preglacial, glacial, and inter
glacial weathering and erosion of the Coldwater Forma
tion.

Stream action during these periods resulted in the

formation of stream channels which were subsequently bur
ied by glacial sediments.
The glacial sediments of Kalamazoo County were d e 
posited in thicknesses ranging from 10 to more than 500
feet, and the glacial landforms present are outwash
plains, moraines,

and till plains.

Oshtemo Township lies

predominantly upon the Kalamazoo Moraine, a recessional
moraine of Wisconsinan Age; the township's western edge
lies upon the Alamo Plain.

Landfill Site Geology

The KL Landfill is located on the Kalamazoo Moraine,
which consists of sediments characterized as moderately
to poorly sorted sand and gravel units complexly inter
bedded with gravelly and sandy clay layers.

These units
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extend to a depth of 350 feet, and unconformably overlie
the Coldwater Formation.

Their cumulative thickness var

ies with the surface and bedrock topography, and individ
ual units'

thicknesses and areal extents vary with the

multitude of depositional environments associated with
repetitve glaciations.
The sequence of glacial sediments in the vicinity of
the landfill site is characterized by two thin and dis
continuous till units separated by glaciofluvial sands and
gravels, these underlain by the principal, unconfined
aquifer which is comprised of gravelly sands (Figure 3).
This aquifer is underlain by a thick till unit which sep
arates it from a thin, confined, glacial aquifer which
lies between it and the bedrock.

Site Hydrogeological Setting

The KL Landfill is located immediately west of the
local groundwater divide which is formed at the crest of
the Kalamazoo Moraine (Figure 4).

The local hydraulic

gradient in the area of the landfill is to the northwest.
The upper aquifer, which is laterally and vertically
variable in composition,
10

ranges in clay content from

% and in gravel content from

imum thickness of

200

0

to

1 0 0 %,

0

to

having a ma x 

feet in some areas and averaging

approximately 140 feet.

Clays encountered in this unit

have thicknesses less than eight feet, are laterally
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discontinuous, and are subject to abrupt changes in com
position.

Whereas mounding of the water table may be

present beneath the landfill, the general depth to the
water table from the morainal surface ranges from 23 to
138 feet beneath and proximal to the landfill site.
The till unit underlying the upper aquifer averages
100

feet in thickness, consists predominantly of fine

grained silts and clays.

It confines the poor to m o d 

erately sorted gravelly sands of the lower aquifer and
restricts contaminants to the upper, unconfined aquifer.
As with the upper aquifer, vertical and lateral variations
in the clay and gravel content are common, and as
the lower aquifer rests upon the Coldwater Shale, its
thickness varies with changes in the bedrock topography.
The hydrogeological setting is interpreted to be com
plicated by the presence of stream valleys (possibly preWisconsinan and post-Illinoisan) eroded into the confining
till unit and later filled with Wisconsinan glaciofluvial
sediments.

As determined by resistivity surveys and the

presence of an oxidized layer identified by well records,
one buried stream channel has been found to extend beneath #
the KL Landfill site (Figure 5).

Trending in a south

westerly direction, this channel apparently directs
contaminant flow from the southern portion of the landfill
towards the intersection of South 4th Street and KL
Avenue.

The northwest trending local hydraulic gradient
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is thought to be r e s p o ' -ible for a second contaminant
plume (see Figure 7).
Permeabilities of the upper aquifer, as determined
from constant and falling head permeameter tests performed
on split spoon and disturbed cable tool samples, range
from 4.13 x IQ " 2 to 7.85 x 10 " 3 cm/sec, averaging 2 x 10"
2

cm/sec.

Estimated maximum and average groundwater lin

ear flow velocities for the upper aquifer are 5.95 and
1.75 ft/day respectively (Passero and Wilkins and Wheaton,
1981).

Table 1
Composite of Background Water Quality of
Area Proximal to KL Landfill

Ca2+

_

70.0

mg/L

25.0

mg/L

M g 2+

-

Na+

-

2.0

mg/L

K+

-

0.5

mg/L

Fe2+ + F e 3+

-

0.3

mg/L

F"

-

0.05 mg/L

Cl"

-

2.0

mg/L

h c o 3”

-

250.0

mg/L

so 4 2

—

15.0

mg/L
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Background Groundwater Chemistry

The normal water quality of the glacial aquifers of
Kalamazoo County is characterized by oxidizing, Type II
waters

(Freeze and Cherry, 1979) which are characterized

as slightly alkaline, fresh waters with a total dissolved
solids content of less than 1,000 mg/L.

Calcium and mag

nesium are the major cations and bicarbonate the major
anion, a chemical composition which results in waters that
are hard to very hard.

Composite values of uncontaminated

groundwater chemistry of the area surrounding the KL
Landfill are shown in Table 1.

These values are from the

Kalamazoo County Department of Public Health groundwater
partial chemical data and analyses of samples from
Monitoring Well 4 (MW4).

As the location of the KL

Landfill is in a groundwater recharge zone, the values
listed in Table 1 generally increase away from the ground
water divide, except for chloride (and usually sodium?)
which has no significant source except for anthropogenic
activities such as road-salt application and septic-tank
contamination.
The average pH for uncontaminated groundwater in the
area of the landfill is 7.1.

Utilization of the WATEQF

computer program designed for calculation of mineral equ
ilibria (Plummer, Jones, and Truesdell, 1976) indicates a
pe of approximately 14, based on measurements of dissolved
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oxygen (DO).

Pe, as defined by the equation pe = -log ae ,

is an expression of electron activity analogous to pH =
-log ajj+.

The calculated pe varies naturally in the area

surrounding the landfill site due to the presence of the
adjacent groundwater divide and the resulting influx of
dissolved oxygen and carbon dioxide charged waters.
The average partial pressure of C O 2 for the ground
water in the area, as calculated from chemical analyses,
is approximately 10 “ 3

*3

atmospheres.

This again varies as

one more closely approaches the groundwater divide.
Mineral phase equilibrium calculations usually indicate a
saturated to slightly oversaturated condition for calcite
in the study area's uncontaminated waters, and background
conductivity measurements average 400 micromhos.

Landfill History

The KL Landfill site was utilized in the early 1960's
as a township dump site.

In 1968 the County of Kalamazoo

became the owner and manager of the property, converting
the site to a Class II sanitary landfill.

From 1968 to

1979 the county contracted the landfill's operations.
Located 5 miles west of the City of Kalamazoo (see Figure
2), the site extends over 87.4 acres of land and received
a total volume of industrial and commercial wastes est
imated to be 5.5 x 10 6 cubic yards (Passero and Wilkins
and Wheaton,

1981).
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In 1975 residents living in the rural residential
area surrounding the KL Landfill attempted to force its
closing due to unsightly debris and suspected groundwater
contamination.

In 1979, several residential wells prox

imal to the landfill were found to contain volatile hydro
carbons.

The State of Michigan subsequently ordered the

landfill closed, requiring that a relatively impermeable
cover material be applied to the surface of the landfill
site within the following year.

Bentonite was applied to

the surface of the landfill site over areas which had a
slope of less than

10

degrees; those areas having slopes

greater than 10 degrees were left undisturbed.

The

landfill site's vegetative cover was enhanced and surface
drainage systems, methane gas vents, and groundwater
monitoring wells were installed.

An expanded monitoring

program was initiated by Kalamazoo County in 1981 which
included the installation of 14 monitoring wells in
addition to those existing on-site and nearby residential
wells

(Passero and Wilkins and Wheaton,

1981).

The EPA eventually designated the KL Landfill as a
Superfund site, making the landfill and surrounding impac
ted areas subject to federally initiated remedial action
and continued observation.

The EPA contracted the

installation of 9 additional groundwater monitoring wells
which were completed in 1986 and 1987.

A quarterly and

*

bi-annual sampling program is ongoing.
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METHOD

Apparatus

In attempts to identify ligands in the landfill
leachate capable of complexing with ferrous iron, the
separation of these ligands from one another, and from
other leachate compounds, was required.

This separation

was made possible by use of an ion chromatography appli
cation of HPLC, with the chromatography system consisting
of the following instruments:
1.

A Vydac 300IC405 anion column having a length of

5 centimeters and containing a coated stationary phase of
bonded silica particles having a diameter of

10

microns,

the coating allowing a working pH range of 2 to 9.

The

separation of anions was enhanced by the use of a Vydac
300IC guard column packed with the same material contained
in the analytical column.
2.

A Varian model 5000 liquid chromatograph.

3.

A Varian Varichrom UV detector.

4.

A Shimadzu C-R3A chromatopac integrator.

Analysis of iron concentrations was accomplished with an
Hewlett-Packard 8451A diode array spectrophotometer (HP).
A Van-Lab rectangular silica spectrophotometric cell hav
ing a light path length of
HP spectrophotometer.

1.00

centimeter was used in the

Separated and collected fractions

27
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were analyzed using a Nicolet 5DXC FTIR spectrophotometer,
which resulted in production of information on atomic
bonding structures.
light path of

0.1

A Barnes NaCl cavity cell, with a

mm, was utilized in conjunction with the

FTIR, in addition to KBr plates.
Leachate samples were collected in three containers,
two glass and one plastic, each having an approximate
capacity of 16 fluid ounces.

Glass pipettes, volumetric

flasks, and beakers of various fluid capacities were
utilized in laboratory

measurements, preparations, and

transfers of collected leachate samples.
Field pH, temperature, and conductivity measurements
of collected water samples were performed utilizing a
Markson model 95 digital combination pH, mv, and tempera
ture meter, a thermometer, and a Myron model EP-10 con
ductivity meter.

Laboratory pH measurements were pe r 

formed using both a Jenco model 6209 micro-computer pH
meter and a Sargent-Welch model S30005 pH, mv, and temp
erature meter.
A Norelco 2.5 kw model 120 x-ray diffractometer was
used in performing atomic structural analysis of collected
precipitates.

This was used to determine whether a

precipitate was an amorphous or crystalline compound.
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Procedures
Sampling

Samples were obtained from EPA wells when an EPA
contracted firm sampled them in April, 1987.

The sample

collection method consisted of bailing some wells and
pumping others, with an estimated three well volumes
purged prior to sampling.

The capability of bailers to

properly purge a well and collect a representative ground
water sample is questionable, as the bailing of three well
volumes sometimes takes several hours to complete.

The

advisability of bailer use is also questioned when the
results obtained in analyses for zinc in samples collected
from MW5 are considered.

A bailed sample and a sample

obtained via submersible pump were collected from this
well, the bailed sample having an analyzed Zn2+ con
centration of 42.8 mg/L, whereas the pumped sample had an
analyzed concentration of 0.4 mg/L.

The zinc concentra

tions have their source in the galvanized well casing
(Kehew et al.,1988).
In addition to obtaining samples collected during the
EPA sampling process, samples were also collected from
monitoring wells fitted with deep rod pitcher pumps.

Col

lecting samples brought up by these hand-powered pumps
required continuous pumping, and the wells were often
purged more than five well volumes before sampling pro
cedures commenced.

The minimum well volume purged was
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t hr e e .
Once purged, the well waters were analyzed for pH,
temperature, and conductivity.

Ideally these measurements

should have been taken in-line, minimizing any interac
tions between the water samples and air, but because
pitcher pumps and bailers were utilized, in-line sampling
was not feasible.
During the EPA sampling procedure three containers of
16 ounce capacity were utilized, two glass and one plas
tic.

To one glass-contained sample nitric acid was added

to lower the sample pH to 2 or less, thereby preserving
metals in solution.

No filtering took place in the EPA

sample collection procedure, so that any iron measurements
were designated as total iron.

Sodium azide was added to

the remaining plastic and glass-contained sam-ples,

2%

by

weight, which at this concentration acts as an organic
preservative by severly inhibiting microbial activity.
The samples were then placed into a cooler and transported
to a refrigerator and stored at a temperature of approx
imately

8

degrees centigrade.

Iron Analysis

Iron concentrations were determined colorimetrically
using the 1,10-phenanthroline method (Boltz,

1961) with a

spectrophotometer detecting at 510 nanometers.

This m e t 

hod makes use of a complex formed between iron and

1

,1 0 -
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phenanthroline which produces a reddish-orange color that
varies in intensity with variations in iron concentration.
The wavelength of maximum absorbance for this iron complex
is approximately 510 nm.

The question of procedural

accuracy and precision for this method, as regards
possible human error, was allayed by calculating standard
solutions'

accuracies using the equation:

A = EbC

Eq. 1

where b is the sample cell path length (1 cm), A is the
standard solution's measured absorbance in absorbance
units, and C is the molar concentration of the standard
solution.

One standard solution concocted to have 4 mg/L

iron gave the following:
C = (lM)/(10 3 mg/G) x (4.0mgFe/L) x (lmMFe/55.8 mgFe) x
(ImMcomplex/lmMFe)
= 7.16 x 10_5M
E = 0.809/(1.00 c m ) (7.162 x 10~ 5 M)
E = 11,300
E at 510 nanometers should ideally be 11,100; therefore
the

indicated error in the standard solution accuracy was

+1.8%.

This was the maximum error in a group of five

standard solutions, and as the HP spectrophotometer util
ized has a

2%

relative error in measurement accuracy,

these standard solutions were of sufficient accuracy and
precision.
When changes in a sample's iron concentration through
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time were desired, unaltered groundwater samples were ex
posed to room and atmospheric conditions and allowed to
precipitate until most of the contained iron had oxidized
and formed an orange-red precipitate =■

Before analyses for

concentrations of iron took place, aliquots of sample were
filtered through a 0.45 micron Millipore filter.

The 0.45

micron pore size was chosen due to its standard applica
tions in such procedures.

The results of concentration

changes with time were plotted as log concentration versus
time.
In order to demonstrate that the orange-red precip
itate was indeed Fe(OH) 3 , rather than FeC 0 3 which also
follows a first order precipitation reaction, the UVVisible spectrum for ferric hydroxide in distilled water
was compared to that spectrum of TW4.

In addition, the

iron precipitate from TW4 was filtered, collected, and
analyzed by x-ray diffraction techniques.

The comparison

of the UV-Visible spectra involved producing a ferrous
perchlorate solution containing 45 mg/L Fe^+ to which was
added multiple aliquots of 1:1 ammonium hydroxide.

The

UV-Visible spectra of the precipitation process of both
TW4 and the perchlorate solution were collected over time
and compared.
FTIR Procedure

When using the 0.15 M K H 2 PO 4 buffer solution, any de-
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tected anions were collected, acidified (when not already
acidified), extracted with methyl ethyl ketone (MEK), air
dried, and analyzed using FTIR.

A cavity cell of NaCl was

used in the FTIR analyses except where min-eral oil was
used as a mulling agent, then KBr plates were utilized.
Procedural problems encountered include the following:
1.

Air-dried fractions tended to oxidize and darken.

2.

The air-dried fractions were either slightly

soluble or insoluble in the sovents utilized, these inclu
ding chloroform, carbon tetrachloride, carbon disulfide,
and mineral oil.
3.

The fractions collected were not pure compounds.

Anion Analysis

Representative aliquots of the collected samples were
analyzed by ion chromatography.

Utilizing the Vydac anion

column, inorganic anions were analyzed in a buffer
solution of 1.5 mM pthalic acid, adjusted with triethylamine (TEA) to a pH of

8

.6 - 8 .9, and detected with the

Varian UV-Visible detector set at a wavelength of 260 nm.
An interesting occurrence was observed when potassium
bipthalate was utilized in the buffer solution; all sam
ple chromatograms had a large positive peak which always
eluted early (in using a pthalic acid buffer solution one
observes "negative" peaks, as eluting anions absorb less
than does the pthalic a c i d ) .

Communication and

inter
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action with Melinda Fisher (personal communication, May
30, 1987) of the Vydac Sep/ar/ations Group led to Fisher's
discovery that while the peak did occur using a buffer
solution of potassium bipthalate, no such positive peak
was seen when the buffer solution was mixed using pthalic
acid.

This was perhaps due to the production of biptha

late in the column when' the relatively acidic groundwater
samples mixed with the alkaline solution of potassium
bipthalate

(adjusted with TEA).

This effectively resulted

in the production of two sol-vent fronts, the latter
eluting solvent front swamping early eluting anions.
When analyzing for organic anions, a buffer solution
of 0.15 M potassium dihydrogen phosphate with a pH of 4.4
was used, and the UV-Visible detector was set to 215 nm.
The groundwater sample was heated in a water bath to 45°C
and the disodium salt of ethylenediaminetetraacetic acid
(E D T A ) added until a concentration of 0.1 M EDTA was
obtained.

The sample with EDTA was then adjusted to a pH

of approximately

6

with sodium hydroxide.

The EDTA, a

strong metal complexer, was expected to complex with any
free iron present in the solution and cause the release of
iron from all other ligands with which it may have
been complexed, the released iron then being available for
complexing with the EDTA.

This would allow analysis for

ligands of disrupted complexes by ion chromatography to be
S.

more successful.

Procedural problems occurred as follows:
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1.

N aN 3 absorbs at both 260 and 215 nm, and EDTA

absorbs at 215 nm.

The use of relatively large concen

trations of these compounds tends to swamp the detector,
and perhaps the 5-cm anion column to some extent.

This

made the technique less sensitive to both poorly absorbing
anions and low
anions (Figure
2.

concentrations of strongly absorbing
6

).

Nitric acid produces nitrate absorbance at both

260 and 215 nm with the same effect as noted above, so it
could not be used in place of sodium-azide treated sam
ples.

As the EPA wells are locked, resampling was not a

viable alternative.
3.

Later results indicate that some organic ligands,

especially tannic acid, may retain complexed iron even in
a solution of

0.1

M N a 2 EDTA.

As the initial samples were only usable for metal d e 
terminations,

the study shifted to the use of the wells

which have pitcher pumps installed.

The problems noted

above were countered by performing sample collections
which were rapidly followed by analyses.

The sample anal

yses were usually performed within five hours of sam-ple
collection, and sometimes within an hour.

To avoid

using EDTA, a literature search indicated that most org
anic ligands release complexed iron when the solution's pH
is lowered to 4 (Theis and Singer, 1973; Pease and Adrian,
1978).

Instead of nitric acid, hydrochloric acid was used
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a.
well TW4 - 9/08/87
eluant ■ 0.15M KI^PO^
pH « 4.4
lambda ■ 215 nm
flow rate => 3.0 ml/min.
0.1. EDTA added
1. acetic, propionic, butyric,
valeric, and hexanoic acids
2. EDTA
3. EDTA

t.
1.

s

2.
3.
4.

5.

(T

b.
«
well MW4 - 8/04/87
eluant - 1.5mM K-bipthalate
pH - 8.25
lambda ■ 260 nm
flow rate « 3.0 ml/min.
1. F"

2. HC0,"
3. Cl
4. NaN 3
5. SO,

Figure 6.

2-

Chromatographs of Samples Containing EDTA (a.) and NaN^ (b.).
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to lower the sample pH.

Even though the chloride anion is

detected when using the phosphate buffer, the UV-Visible
detector is not very sensitive to moderate-to-large
changes in chloride concentrations, as the Cl" retention
time is apparently non-unique in the sam-ples analyzed.
In attempts to produce tentative identification of
separated leachate anions, several pure compounds were
selected from possible chemical combinations indicated by
the FTIR spectra.

Aliquots of samples were spiked with

solutions of these pure compounds, the spiked aliquots '
injected into the anion column while using the 0.15 M
KH 2 P O 4 buffer solution at a pH of 4.4, and the resulting
peak retention times of the spiked sample aliquots com
pared with those of the unspiked.
Calibration runs were performed on leachate samples
containing tentatively identified compounds.

In these

runs an unspiked aliquot of a leachate sample was inject
ed into the Vydac anion column and the area under the
detected peaks calculated by the integrator.

A spike was

then introduced into an aliquot of the same leachate sam
ple, the aliquot injected into the anion column, and the
integrated area of the spiked sample used in conjunction
with the spike concentration to calculate the concentra
tion of the unspiked, original sample.
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W ell

Map Showing Contoured Chloride Values. The chloride contours
delineate the two leachate plumes found to date at the land
fill site. Road salt contamination is seen in the proximity
of the intersections of KL Avenue and 4th Street.

°°

RESULTS

General Leachate Chemistry

Northwest and southwest trending plumes of landfill
leachate are approximately delineated by contoured chlor
ide values (Figure 7) and the distributions of the major
cations, alkalinity, TOC, ammonium, and detectable trace
metals follow the chloride pattern, these including cal
cium, magnesium, sodium, potassium, bicarbonate, carbon
ate, iron, copper, and lead.

Sulfate shows an increase

downgradient from T W 4 , the site's most impacted well.
Although iron, copper, and lead were the only trace m e t 
als detected in groundwater samples collected by the EPA
in April, 1987, earlier sampling has detected additional
trace metals such as hexavalent chromium.

Assuming that

the chloride anion acts conservatively and nonreactively,
attenuating in the plume by dilution only, the following
assumptions can be made:
1.

Microbial degradation along the flow path is seen

in the decrease of TOC levels relative to chloride lev
els.

This degradation may be accompanied by coprecipit

ation of organics and oxyhydroxides.
2.

A trend of increased alkalinity relative to

chloride/alkalinity TW4 ratios may indicate oxidation of
organic carbon to carbon dioxide.

39
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Table 2

Analysis Results in mg/L of Three Water
Samples Collected -March 11, 1987

M4

M8

TW4

350

460

2200

32

63

233

n o 3-

<1 . 0

<1 . 0

12.4

no

2-

<0 . 1

<0 . 1

nh

4+

7.2

45.9

43.8

<1

2

<1

2s

<0.5

<0.5

2.4

TOC

91

14

1400

TDS

398

366

3640

Ca 2+

51.6

22.3

404

pe2+

0.11

0.08

46.8

M g 2+

27.9

184

202

M n 2+

0.05

0.01

0.89

K+

3.46

14.9

10.5

Na+

30.1

61.4

179

h c o 3“

Cl"

s o 42h

.

<0 . 1
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0

2

4

6

8

10

12

14

Fe„0.

FeCO, + Fe„0.
FeS
FeCO.

FeS +
Fe,0.

-15

pH
Figure 8.

Mineral Stability Field Diagram for TW4. The values are
calculated from kinetics measured at 25°C. Actual meas
ured temperature of groundwater is 14.5cC. Approximate
location of TW4 water sample is denoted by *. Parameters
are from analysis and WATEQF calculations and are as
follows:
total S - 1.3 x 10_SM
pC02 - 4.93 x 10"2
ape2+ - 8.1 x 10-4

total C02 - 3.81 x 10"2
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3.

A constant chloride/alkalinity ratio downgrad-

ient, relative to TW4 ratios, would probably indicate loss
of alkalinity by calcite precipitation.

Both trends in

chloride/alkalinity ratios have been seen and may be real
or error-induced.
pe - pH Diagram

In calculations performed by the WATEQF computer
program (Plummer et al., 1976) on the analysis of a TW4
sample (Table 2), iron sulfides, oxides, and carbonates
are oversaturated and should be precipitating.

The same

analysis indicates extremely reducing conditions due to
the absence of detectable nitrogen or sulfur oxides and
the presence of measureable hydrogen sulfide.

Using the

S 0 4 2 “/H 2 S redox couple, the pe calculated by WATEQF is
4.341.

From the analytical results and the WATEQF cal

culations of this analysis, a pe-pH diagram for the sys
tem Fe- 0 -H 2 0 -S-CC>2 was constructed (Figure

8

).

The

approximate location of TW4 waters on this diagram is
influenced by sample collection techniques which did not
isolate the sample from atmospheric interaction.
Whereas the pe-pH diagram seen in Figure

8

is calcu

lated from Gibbs free energy values measured at 25°C, the
groundwater sample collected at TW4 had a temperature of
14.5 degrees centigrade.

To calculate the effect the

lower temperature would have on stability field boun-
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daries, the following calculations were produced utiliz
ing the V'ant Hoff equation.

The Gibbs free energy of

formation values are taken from Drever, 1982.
ivity of ferrous iron of
dioxide of

1

10

An act

”® and a pressure of carbon

atmosphere are utilized in the following

calculations (where d = delta):
3Fe 2 0 3 + 2H+ + 2e” = 2Fe 3 0 4 + H 20

Eq. 2

Keq = ((a2Fe304^ (aH 2 0 ))/((a3F e 2 0 3 ) (&2H+ )(a 2 e " ))
= l/((a2H+)(a2e - H
l°gKeq = -2log aH + - 2log ae - = 2pH + 2pe
pe = l/21og Keg - pH
at 25°C
dGreact. = dG(2Fe 3 0 4 + H 2 0) - dG(3Fe 2 0 3 )
= (2(-242.57) - 56.69) - 3(-178.16)
= -7.35
logKe q 2 5 oc = -7.35/1.364 = +5.39
pe = 2.70 - pH
atlO°C
logKeq^o°c = ^-09^eq25°C “ ( (dH 2 5 0 ^</2 .303R) (1.7 x 10“4 )
where dHreact# 2 5 oc = dH(2Fe 3 0 4 + H 2 0) - dH(3Fe 2 0 3 )
= (2(-267.85)

- 68.32)

- 3(-192.72)

= -9.66
iogKeqiQOc = +5.39 - ((-9.66/4. 5 8 ) (1.7 x 10”4 ))
= +5.39 + (3.59 x 10”4 )
= +5.39
These calculations demonstrate that an insignificant
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change in pe-pH stability field boundary conditions occurs
with a temperature change from 25 to 10 degrees centi
grade.

As carbonate minerals'

solubilities are inversely

related to temperature, the following reaction expressing
the siderite-ferrous iron boundary was subjected to the
same procedure as seen above and gave the following:
FeC0 3 + 2H+ = F e 2+ + H 20 + C0 2

Eq. 3

l°gKeq25°C = +7.66
logKggioOc = +7.66 + (2.93 x 10“^)
= +7.66

Main Active Processes

The main processes indicated as active in the
leachate plume downgradient from TW4 are as follows
(Kehew, Passero, and Rudder,
1.

1988):

Dilution and mixing of leachate with uncon

taminated, oxidizing aquifer waters.
2.

Microbial degradation of organic carbon.

3.

Cation exchange of calcium and magnesium for

sodium found in fragments of the Coldwater Shale present
in the aquifer material.
4.

Precipitation of calcite. .

5.

Oxidation of nitrogen and sulfur compounds as

indicated by increasing levels of nitrate and sulfate, and
possible oxidation of organic compounds.
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Analytical Results

The EPA monitoring wells, MW1-MW9, have significantly
high iron concentrations in only three wells, M W 2 , MW3,
and M W 9 , which contain 10,
(Figure 9).

8

, and 12.5 mg/L repectively

Although MW2 and MW3 are located closer to

the landfill, MW9 is located down the regional hydraulic
gradient and is within the northwest-trending plume of the
leachate (see Figure 7).

Initial chromatagraphic

runs of samples from these three wells detected no anions
except Cl" and H C 0 3“ , perhaps due to the procedural prob
lems noted earlier.

When N a 2 EDTA was added according to

the noted procedure, no changes in detected responses were
observed.

The wells MW4 and M W 5 , located upgradient from

the landfill site were used as controls.

Their

detected

anions include Cl", F ” , HCO 3 - , N O 3 - ,, and S O ^ - , in
concentrations comparable to those listed for the com
posite background hydrogeochemistry (see Table 2).
The two most impacted wells within the area, TW4 and
M3

(located 35 feet west of T W 4 ), are the only wells whose

samples produced a significant response when injected into
the Vydac anion column.

Samples collected from these two

wells, unless acidified, tended to oxidize and start
percipitating iron within an hour after collection.
Siderite is oversaturated in these samples, as calculated
by WATEQF (Plummer et al., 1976), raising the question as
to whether the orange precipitate was ferric hydroxide or

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

iron carbonate,

and whether or not the precipitation rates

were possibly influenced by iron complexes.

Time Versus Concentration of Iron

Using the procedure noted above, iron concentration
vesus time of exposure to air measurements were conducted
with samples collected from TW4, M3, and M 8 .

a
z

m3;
o.e-

5

TW<

£ o..-

5 04Z

■

0.2

>

0.2 -

£.04c*
o -0.8 - 0.8
- 1.0

TIME-HRS

Figure 10.

Pr ec ipitation Rates of Iron Hydroxide for Samples from
Landfill Monitoring Wells Exposed to Air. The dashed
line is for a solution without organics.

Figure 10 shows a semilog plot of log dissolved iron
concentration vs. time for these samples.

The plot of TW4

demonstrates some slight curvature due to temperature e f 
fects on the precipitation rate.

The scatter on the plot

of M 8 is due to low initial concentrations and resulting
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larger interpreted error in the individual dissolved iron
measurements.

The dashed line is a plot of iron-hydroxide

precipitation in a simple bicarbonate solutionf according
to the equation:
F e 2+ + l/20 2 + 5H20 =

2Fe(0H) 3 (s ) + 4H+

Eq. 4

The kinetics of this reaction were found by Stumm and Lee
(1961) to be expressed as:
-d[Fe2 + ]/dt = k[Fe2 + ]

[p0 2 ] [OH -

Eq. 5

]2

where k = 8.0 x 10 3-3 m o l e - 2 atm - 1 m i n -^- at 20.5° C and pH
= 7.

The half life for Eq. 5 is approximately four m in

utes.

Although the time required for a given fraction of

a reactant to decompose by way of a first order reaction
is independent of concentration, as shown by the expres
sion for the half life of a reaction:
t l/2 = 0.639/k,
the rate constant , k, varies with pH.

Eq.

6

The pH values

measured for wells M3, M 8 , and TW4 were all above 7.2;
therefore the slope of the dashed line (see Figure 10),
drawn for a pH of 7.0, would represent slower precipita
tion rates than those expected for simple hydroxide
precipitation at the pH conditions encountered in these
wells.
The conditions and concentrations noted for TW4 are very
similar to those found at M3, which for the sample shown
in Figure 10 had a total measureable iron content of 33.2
mg/L.

As the slopes of the log concentration versus time
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plots are much less than those predicted for hydroxide p r 
ecipitation in a simple aqueous bicarbonate solution,
other factors must be influencing precipitation rates.
Although the ionic strengths of the samples involved
in the solutions shown on Figure 10 may introduce slight
complications, the rate of ferric hydroxide precipitation
should closely approximate the rate for the simple bicar
bonate solution.

Work b y Theis and Singer (1973) indi

cates that various organic ligands have the capability of
keeping F e 2+ in solution under oxidizing conditions for
periods measureable in months, depending upon the concen
trations and pH values of the solutions.

UV-Visible Comparison of Precipitation Spectra
and X-Ray Analysis of Precipitate

Utilizing the procedure noted above for comparing the
spectra of hyroxide precipitation for ferrous perchlorate
and T W 4 , the results support preciptation of F e ( O H ) 3 in
the TW4 samples (Figure 11).

The x-ray diffraction

analysis of the precipitate from TW4 indicates an amor
phous compound, a finding consistent with F e(OH )3 and
inconsistent with FeCC>3 .

FTIR Analytical Results

Utilizing the FTIR procedure noted above, the separa
ted fractions collected from M3 samples demonstrated very
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Table .3.
Anion

Log o f Equilibrium S ta b ility Constants fo r Possible Metal Complexes
Fe2+

Fe3+

Pb2+

Cu2+

Zn2+

Anion Column
Retention time

Acetic Acid

<1=3.2

Ki= 3.2
B2=6.1

Ki=2.48
B2=3.99

<1=2.19

<1=1.0

0.81-0.84

Oxalic Acid

Ki >4.7
B2=9.57

<1= 9.84
K2=6.8

B2=6.54

<1=6.3

<1=4.9
B2=7.6

4 .1 -3 .9 8

Propionic Acid

0

Kj = 3.45

Ki=2.34

.K!=1.86
B2=3.0

<1=1.01

0 .8 -0 .9

n-Va1er1c Add

0

0

0

Ki=1.92

0

1.263

Glutamic Add

<1=4.6

K1=12.1

0

<1=7.85
• B2=15.14

<1=5.45
B2=8.5

0 .7 -0 .6

Hexanolc Add

0

0

0

<1=2.05

0

1.278-1.3

Malonlc Add

<1=2.8

S3=15.65

Ki=3.1

<1=5.0

<1=2.7

1.817

Phenol

0

!<!= 8.2

0

0

0

1.24-1.28

? Pyrogallol

0?

0?

0?

07

0?

1.54-1.6?

Resorcinol

?

?

7

7

7

1.85

Hydroqulnone

?

?

7

V

7

1.412

Benzoic Add

0

0

Tannic Add

OH"
Log of
Ki
Kin
Bn
ML 0 7 -

? .
4-10

7
1J.-51.0

Ki=2.0

?

j

<1=1.6

i
1
1
!
i
i
i
i
i
i

7

eq u ilibriu m constant values from ChemicalSociety
= [ML]/[M+1 [L ], where M+ + L = ML
= [MnL ]/[(*r]C M a. i L ] , where M+ + Mn. i L =M2L
= [MLn] / [ M ] [ L ] H, where M + nL = MLn
metal cation
organic ligand
constants not availab le
no reference located

<1=0.9

4 .4 -3 .9

7

7

o f London, 1964

n >2
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similar FTIR spectra upon analysis, possibly indicating
aromatic rings, carbonyl groups, C-H bonds, phenolic hydr
oxyls, and carboxylic acids (Figure 12).

As noted above,

the poor solubility of the isolated compounds in the
available solvents,

in addition to their tendency to air

oxidize, were serious problems.

Tentative Identification and
Quantification Results

Utilizing the procedure for obtaining tentative
leachate anion identifications, a tentative identifica
tion of several compounds was made.

These compounds and

their calculated complex- stability constants with several
metals, in addition to their retention times, are shown in
Table 3.

The calculated stability constants for the most

stable ferrous and ferric hydroxide complexes are listed
for reference.
Data given in Table 3 indicate that the complexation
stability constants of the tentatively identified com
pounds with Fe^+ are in some cases competitive with with
ferrous hydroxide log k values.

It is assumed in this

study that any organic complexes involving iron will be
with ferrous iron due to reduced leachate conditions and
the tendency of several organic ligands to reduce ferric
iron to ferrous iron (Theis and Singer, 1973).

Calibra

tion runs were performed with many of the tentatively
identified compounds seen in Table 3 according to the
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procedure noted earlier.

Using area calculations from

spiked and unspiked M3 sample aliquots, TW4 concentrations
were calculated with the results seen in Table 4.

It was

assumed that the ionic ratios in the leachate samples
collected from TW4 and M3 are approximately the same, as
the wells have a three feet difference in depth and M3

Table 4
Anion Concentrations Calculated from
Calibration Runs in PPM

M3

TW4

1745

1796

pyrogallol

3

4

phenol

8

9

86

104

230

279

oxalic acid

53

91

benzoic acid

10

17

chloride

citric acid
malonic acid

acetic, propionic,

5.3% variation in integrated

butyric, valeric,

response demonstrated by

and hexanoic acids

increased TW4 values
relative to M3.

tannic acid

21

7
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lies just 35 feet to the westof T W 4 .

It must be stressed

here that the retention times for the compounds separated
by the anion column are non-unique.

This is seen in the

calculated concentrations for malonic, citric, oxalic, and
benzoic acids, in addition to those calculated for
chloride, Cl" being especially affected.
Due to more than one anion or compound eluting off
the anion column at the same general time as Cl", the
spiked sample for chloride concentration determination
showed little specific increased response relative to the
unspiked sample.

This resulted in a large calculation

error for chloride, usually detected at concentrations of
approximately 400 mg/L for TW4 samples.

Oxalic and ben

zoic acids coelute, and determination of which compound is
present here, or both, is not possible; therfore concen
trations of both compounds are calculated as if they are
pure.

The FTIR procedural results favor identification as

benzoic acid, with the noted procedural problems affecting
the decision making process at this point.
yses of TW4 samples collected in April,

The EPA anal

1987, report a

concentration of 15 mg/L benzoic acid, with the procedures
of the contracted analytical laboratory unstated.

"Tannic Acid" and Iron
One major point of interest in the calibration runs
is the correlation of tannic acid concentrations with the
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Table 5
Natural Sources for Tentatively Identified Compounds

acetic acid

_

microbial activity - fermentation

propionic acid

-

wood pulp fermentation by
microbial activity

butyric acid

-

fermentation of carbohydrates

pentanoic acid

-

fermentation processes

hexanoic acid

-

fermentation processes

glutamic acid

-

fermentation of carbohydrates

malonic acid

-

from ligneous wastes

oxalic acid

present in many plants and
vegetables, product of metabolism
of many molds, microbial
conversion of sugars

benzoic acid

occurs in nature in free and
combined form, excreted by almost
all vertebrates except fowl

pyrogallol

-

degradation product of tannic acid

tannic acid

—

from woody and vegetal matter

(from Merck index, 1976)

concentration versus time plot seen in Figure 10.

M3

demonstrates significantly greater retardation of oxida
tion of Fe^+ relative to plotted TW4 rates, and in the
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well M3 - 12/08/87
eluant * 0.15M KH2PO
pH ■ 4.44
lambda = 215 nm
flow rate => 3.0 ml/min.
1. solvent front + chloride
2. acetic, propionic, butyric,
and hexanoic acids
3. phenol
4. pyrogallol
5. malonic and/or citric acids
6. benzoic and/or oxalic acids
7. unknown
8. unknown
9. tannic acid

well TW4 - 12/08/87
eluant - 0.15M KH2P0
pH = 4.44
lambda ■> 215 nmflow rate <■ 3.0 ml/min.
1. solvent front + chloride
2. acetic, propionic, butyric,
and hexanoic acids
3. phenol
4. pyrogallol
5. unknown
6. malonic and/or citric acids
7. benzoic and/or oxalic acids
8. unknown
9. tannic acid
Figure 13.

Chromatographs of Samples from Wells M3 (a.) and TW4 (b.).
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calibration-run derived concentration c a l c u l a t i o n s M3 has
significantly higher concentrations of ta n n i c a c i d than
does T W 4 .

This m a y imply that the c o n c e n t r a t i o n of tannic

acid acts as a major controlling factor in th e o x i d a t i o n
of iron in the leachate.

It is believed t h a t t a n n i c acid,

due to its low concentration of 20 mg/L,

f o r m s o n l y mono-

molecular complexes with ferrous iron; the r e f o r e the ratio
of ligand to metal in any tannic acid-Fe2+ c o m p l e x is 1:1.
Small chromatographic peaks detected betw e e n the elut i o n
of benzoic and tannic acids may be tannic a c i d s of d i f f e r 
ent structures than that compound used to s p i k e s a m p l e s in
tentative identification procedures

(Figure 13).

Source of Iron

An attempt was made to determine w h e t h e r the d i s s o l u 
tion of hydroxide coatings indigenous
material could possibly be the

to th e

source of the

aquifer
dissolved

iron encountered in the leachate plume of t h e KL Landfill.
In this determination calculations utilizing Gibbs free
energy values

(Drever, 1982), WATEQF-calculated v a l u e s

(Plummer et al.,

1976) of ape 2+ and pe, a p H of 7.5,

and

an equation for the oxidation of ferrous irori to amorphous
ferric hydroxide were utilized as follows

(where d =

delta):
F e (O H ) 3 + 3H+ + e" = Fe2+

+ 3H20

Eq.

7

dGreact. = dG(Fe2+ + H 2 0)- dG(Fe(OH)3 )
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= (-18.85 + 3(-56.69))

- (-166.5)

= -22.42
jLogKgq = -dG/1.364 = +16.44

^eq = (ape 2 + )/ ((a^jj+) (ae - )
logKeq = logaF e 2+ + 3pH + pe
-1.72 = logaF e 2+
The WATEQF calculated log activity for ferrous iron
is -4.32 for the analysis for TW4 seen in Table 2, from
which the above calculation was produced.

On comparing

the log activity of Fe2+ calculated by the WATEQF program
for the TW4 sample, and that calculated from a general
equation for ferric hydroxide dissolution, Gibbs free
energy values, and WATEQF, it can be seen that dissolution
of ferric hydroxide coatings indigenous to the aquifer
material can provide more ferrous iron than has been
detected in the analyses of TW4 groundwater samples. This
observation thereby removes the need to invoke iron
sources in the landfill's waste as an explanation for
analytically detected concentrations of iron.

Discussion

Iron. Organic Complexes, and the
KL Landfill Leachate Plume

Tannic acids, which have various different atomic
arrangements and formulations, have been tentatively shown
to positively correlate with retardation of oxidation of
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iron and its subsequent precipitation as ferric hydroxide.
It can easily be proposed that organic complexes similar
to that of the iron-tannic acid complex, which competes
successfully against hydroxide complexes having extremely
large complex stability constants, are also responsible
for inhibiting the precipitation of iron in other mineral
phases which calculations predict as being highly over
saturated.

Thus, high concentrations of iron can exist in

the presence of H 2 S, as seen in the KL Landfill leachate
plume.
Although positive correlations exist between M3 iron
and tannic acid concentrations, correlations between iron
and tannic acid in the leachate down the hydraulic grad
ient, as might be seen in M W 9 , are not known due to poor
sampling and preservation techniques and inability to
resample.

The presence of high iron concentrations at MW9

has been noted, a n d 'analysis' of an MW9 sample collected by
the EPA in April,

1987 indicates the presence of fermenta

tion products, products of more concentrated flow of
leachate from the landfill site.

The presence of organic

complexes with iron in MW9 samples would not be unexpect
ed, and retention of iron in significant concentrations
downgradient from MW9 should be expected.
tions and predictions remain to be proven.

These assump
The question

of how far down the hydraulic gradient iron exists in
significant concentrations and how these concentrations
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relate to tannic acid and its immediate degradation prod
ucts, gallic acid and pyrogallol, has yet to be answered.
Simple Model

From the data gathered, a model of reactions occurr
ing in the evolving leachate plume from TW4 to M 8 has been
attempted.

Figure 14 shows an idealized section of the

wells in the upper aquifer and is not drawn to scale.

n

Figure 14.

Idealized Cross Section of Wells in the Upper Aquifer.

The encircled numbers are process stages explained as
follows:
1.

Precipitation saturated with oxygen and carbon

dioxide having a pH of approximately 5.5 falls on the
landfill site.
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2.

Infiltration of precipitation is accompanied by

loss of CC>2 by conversion to bicarbonate. Calcite may be
precipitating.
C0 2 + H 20 = H C03” + H +

Eq.

C a 2+ + HCO 3 - = CaC0 3 + H+

Eq. 9

3.
refuse.

8

Infiltrating precipitation reaches the buried
Oxygen and all oxidized compounds are reduced,

and C02 , methane,

and ammonia are generated.

Amines are

produced and fermentation is ongoing.
C H 20 +

0 2 = C 0 2 + H 20

Eq. 10

C H 20 +

4H+ 4e~ = C H 4 ( g ) + H 20

Eq. 11

C H 20 +

S0 4 2- + bacteria = H 2 S(g )

Eq. 12

C H 20 +

2NO 3

Eq. 13

C H 20 +

microbial activity = acetic,propionic,

- + bacteria = N 2 (g )

b ut y r i c ,valeric,and
hexanoic

acids

Eq. 14

CH 20 +

F e ( O H ) 3 = F e 2+ + 2H20 + C 0 2 + H+ + e"

Eq. 15

C a 2+ +

H C03“ = CaC0 3 + H+

Eq. 16

N 0 3“ +

9H+ +

Eq. 17

8 e"

= N H 3 + H 20

RX + N H 3 = R N H 2 + H + + X"

Eq. 18

(where X = leaving group)
4.

Movement of extremely reducing leachate down to

the water table is accompanied by oxidation of organics to
carbon dioxide, degassing, and conversion of some carbon
dioxide to bicarbonate.

Metal complexes having diverse

and intricate structures form with inorganic and organic
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ligands.
5.

Mixing of leachate with highly oxidizing,

re

charge- zone aquifer waters along the periphery of t h e
plume.

Organics and iron are oxidized, and iron is reduc

ed by organics.

Tannic acid and its degradation produ c t s

act to keep iron in solution in a series of coupled
reactions.

Phenolic end members of organic compounds'

oxidations degrade to quinones which have no known
significant metal-complexing capability.
C H 20 + 02 = C0 2 + H 20 = H C03" + H +

Eq. 19

C a 2+ + H C 0 3“ = CaC0 3 + H +

Eq. 20

4Fe2+ + 0 2 +4H+ = 4Fe3+ + 2H20

Eq. 21

tannic acid + F e 3+ = F e 2+ + C0 2 + gallic acid +
pyrogallol

Eq. 22

gallic acid + F e 3+ = F e 2+ + C0 2 + pyrogallol

Eq. 23

pyrogallol + F e 3+ = F e 2+ + phenol

Eq. 24

phenol + 0 2 = quinone

Eq. 25

6

.

Ferrous iron oxidizes and precipitates as ferric

hydroxide.
4Fe2+ + 0 2 + 10H2O = 4Fe(OH)3 ( s ) +

8 H+

Eq.

26

The extent of transport of ferrous iron by complexes
with tannins and their derivatives may be greater in the
northwest-trending plume which results from regional g r a d 
ient flow.

In addition to the reactions shown above,

microbial degradation of organics is occurring throughout
the leachate plume of this 25 years old landfill site.
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SUMMARY

Research has indicated that compounds composed of an
hydroxylated aromatic structure containing one or more
carboxylic acid functional groups form extremely stable
complexes with iron.

The retardation of oxidation of

ferrous iron has been observed in the leachate plume of
the KL landfill, and the degree of retardation of Fe^+
oxidation has been positively correlated with a compound
tentatively identified as tannic acid.

The identification

of tannic acid is tentative due to the non-uniqueness of
the analytical method and the many possible structures of
the organic compounds known collectively as tannic acids.
Although specific compound identification is possible only
when verification of results is obtained utilizing another
analytical method (or varying the analytical conditions),
the compound tentatively identified as "tannic acid" does
correspond in retention time with commercial tannic acid.
The tentatively identified compound can, with a large
degree of certainty, be considered to contain one or more
hydroxlyated benzene rings and one or more carboxylic acid
functional groups.
The organic constituents of municipal landfill refuse
can provide vehicles for transportation of metals under
chemical conditions that would normally prevent mobility
of the metals.

Organic complexes can be a significant
64
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factor in determining the impact of contaminant plumes on
groundwater quality.
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